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Abstract

Ductile deformation of the middle to lower crust during interseismic periods influences
loading of brittle faults in the upper crust. Quartz is a common mineral in the middle to lower
continental crust and is thought to significantly affect the strength of this zone. Quartz deformed
by dislocation creep produces a crystallographic alignment of quartz grains, or lattice preferred
orientation (LPO), because deformation is easier along specific crystallographic planes and
directions. However, formation of a LPO may cause the strength of the quartz aggregates to be
anisotropic, approaching the properties of a single crystal.

In order to determine the viscous anisotropy caused by a pre-existing LPO, we deformed
a natural quartzite with a cross-girdle LPO from the Moine Thrust in Scotland. This quartzite has
aligned, but distributed fine-grained muscovite which defines a foliation and lineation. Samples
were cored perpendicular, parallel, and at 45 degrees to the foliation and lineation and deformed
at the same temperature (T) of 800°C, confining pressure (Pc) of 1500 MPa and strain rate (𝜀̇) of
1.6 * 10−6/s. The peak stresses range from 1100 MPa to 500 MPa at a strain of 10-20%,
depending on the angle of the foliation or lineation to the compression direction. All samples
strain weaken and evolve to a similar stress of 460 MPa (+/-50 MPa). Optical microstructures
include undulatory extinction, deformation lamellae, and at high strain (58%), the quartzite is
more than 50% recrystallized. Scanning electron microscope (SEM) - electron backscatter
diffraction (EBSD) analyses indicate that the pre-existing LPO is obliterated by recrystallization
in high strain zones. Therefore, these results suggest that a pre-existing LPO may cause strength
anisotropy in rocks in the middle to lower continental crust, but this anisotropy may be transient.
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Introduction

Deformation of quartz in the lower to middle continental crust can have a significant
effect on the strength of rocks in this portion of Earth’s interior. The formation of a lattice
preferred orientation (LPO) in a naturally deformed quartzite may cause the strength of quartzite
to be anisotropic. Strain accumulation in quartz-rich rocks during the interseismic time of the
seismic cycle may be affected by this strength anisotropy.

Previous experiments performed on olivine aggregates by Boneh and Skemer (2014) and
Hansen et al. (2016) indicate that pre-existing LPOs can cause viscous anisotropy. Multiple
deformation events may lead to complex deformation histories. Boneh and Skemer (2014)
deformed natural olivine samples containing a pre-determined LPO with foliation perpendicular,
parallel and oblique to the compression direction. Multiple deformation experiments were
conducted on each orientation in order to mimic various deformation histories. For olivine, it was
determined that a pre-existing LPO will affect the way textures evolve with strain. Hansen
(2016) deformed olivine first in torsion to produce an LPO and then in tension to test the
strength. The samples were again deformed in torsion to increase the LPO and again in tension to
test the strength in a different stress field orientation. During the extension deformation cycles in
these experiments, the olivine samples were stronger by a factor of about 2. The difference in
strength is the result of increasing LPO intensity anisotropy in viscosity for the olivine samples
which increased as a function of increasing strain.

In order to determine the effect that a pre-existing LPO may have on the strength of a
previously deformed natural quartzite, uniaxial compression experiments were performed with
foliation and lineation of this quartzite at different angles to the compression direction.
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1.0 Methods

1.1 Starting Material

Cores were collected from a natural quartzite sample from the Assynt exposure of the
Moine Thrust in Scotland (Law et al., 1986). The quartzite layer used for samples in the starting
material contains fine-grained muscovite at a volume of 20% +/- 5%, which defined the foliation
and lineation. The average grain size of the quartz layer is 33 µm (Figure 1, Table 1). Cores were
collected in five orientations in order to determine if the LPO causes strength anisotropy in the
quartzite: (1) parallel to foliation and perpendicular to lineation (Z-116), (2) 45° to foliation and
45° to lineation (Z-120), (3) parallel to foliation and 45° to lineation (Z-121), (4) parallel to
foliation and parallel to lineation (Z-122), and (5) perpendicular to foliation and perpendicular to
lineation (Z-123) (Figure 1).

1.2 Experimental Techniques

A solid salt assembly (SSA) was used in a Griggs-type piston-cylinder rock deformation
apparatus (Griggs apparatus) for all uniaxial compression experiments (Figure 2). Cores were cut
10 mm long using a Buehler IsoMet 1000 Precision Saw and the ends of these cylinders were
ground perpendicular to the cylinder’s length. Each ground cylinder was sonicated in water and
air dried overnight prior to installation in the assembly. The dried samples were jacketed in silver
with 6.35 mm diameter silver disks and nickel disks at each end of the quartzite cylinder. The
nickel disc was placed against the cylinder faces to prevent silver intruding along foliation
planes. The silver disc was placed outside of the nickel disc and would weld to the silver jacket
at experimental pressure and temperature to seal the quartzite cylinder for the solid salt
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assembly. All experiments except Z-115 included the nickel disk during assembly. Two 6.35 mm
diameter Al2O3 pistons were inserted at each end of the sample to apply load to the quartzite
cylinders.

Experiments were brought to a temperature (T) of 800°C and a confining pressure (Pc) of
1500 MPa over the span of 5 hours. A type K thermocouple was used to measure temperature
near the center of the samples throughout the experiments. Samples were heated by a graphite
furnace and controlled to +/- 1°C during the experiment. After reaching the specified conditions,
the load piston advanced at a constant rate of 0.066 mm/hr until the cylinder was deformed to the
desired strain (ε) of 50% +/- 5%. Force applied to the quartzite cylinders, confining pressure,
temperature, and displacement were recorded using a Yokogawa 2020 digital chart recorder
throughout the entire experiment. After reaching the desired strain, the experiment was quenched
and brought to room temperature and pressure over a period of 1-2 hours.

1.3 Analyses

Force and displacement measurements were used to calculate differential stress
(𝜎), strain (ε) and strain rate (𝜀̇). Methods used for analyses of the mechanical data are from
Holyoke and Kronenberg (2010). Included is a correction for differential stress for the SSA with
the following equation:
𝜎𝑐𝑜𝑟𝑟𝑒𝑐𝑡𝑒𝑑 = (𝜎𝑚𝑒𝑎𝑠𝑢𝑟𝑒𝑑 ∗ 0.73) − 50 𝑀𝑃𝑎

eq.1

Thin sections of each sample were prepared after each deformation experiment. Samples
were cut parallel to the compression direction, impregnated with Hillquist C/D epoxy, and set
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overnight to cure. One half of each sample was ground and polished to a 0.3 µm finish and
mounted on slides using Petropoxy 154. Samples were ground and polished to a ~20 µm thick
thin section.

Optical microstructural data were collected for each sample using a Zeiss Axio Image
polarizing microscope. Grain size analysis was performed on cross polarized images (procedure
from Barbery, 2017, App. C). Grains in the starting material, as well as recrystallized grains in
each experiment, were traced and analyzed in Image SXM to measure an average grain size (d).
A scanning electron microscope (SEM) with a back-scattered electron detector (BSE) and
energy-dispersive X-ray (EDX) analyses was used for imaging each sample. Electron backscatter
diffraction (EBSD) was also used to analyze the changes in quartz crystallographic orientation in
selected samples. 100-200 µm-thick sections were also prepared using similar techniques as
those for the optical sections. Water content of each sample was determined using a ThermoNicolet Magna 560 Fourier Transform Infrared (FTIR) Spectrometer.

2.0 Results

Six uniaxial compression experiments were performed at T = 800°C, Pc = 1500 MPa, and
𝜀̇ = 1.6 * 10-6/s: four with foliation oriented parallel to the compression direction and one each
with the foliation orientated perpendicular or at 45o to the compression direction (Figure 1, Table
1). The four experiments with the foliation parallel, one each was performed with the lineation
perpendicular or at 45o to the compression direction and two were performed with the lineation
parallel to the compression direction, but to different strains (Figure 1, Table 1). All cylinders
were deformed to similar high strains (ε = ~50%), with an additional experiment with foliation
and lineation parallel to the compression direction deformed to a lower strain (ε = ~30%).
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Cylinders were deformed to high strains in order to determine if the original LPO was obliterated
and if a new LPO, created by dynamic recrystallization, reflects the current deformation
geometry. The microstructures, mechanical data, and water content were also analyzed for all
experiments.

2.1 Foliation parallel to compression direction
Four experiments were performed with the foliation parallel to the compression direction,
but with the lineation parallel to, perpendicular to or at 45° to the compression direction (Figure
1). The Young’s modulus of all experiments with the foliation parallel to the compression
direction is all similar (Figure 3). However, the peak stresses (𝜎𝑝𝑒𝑎𝑘 ) for each experiment vary
significantly. The experiment with foliation parallel and lineation parallel to compression
direction was the weakest (Z-122, 𝜎𝑝𝑒𝑎𝑘 = 550 MPa, ε = 51%) and the experiment with foliation
parallel and lineation perpendicular to compression direction was the strongest (Z-116, 𝜎𝑝𝑒𝑎𝑘 =
1100 MPa, ε = 57%) (Figure 3). However, all experiments strain weaken to a similar stress of
~460 MPa (+/-50 MPa) (ε = ~5%). Recrystallized grains in each sample were optically analyzed
and the average grain size (d) was ~2-6 µm between all experiments (Figure 4).
The lower-strain sample with foliation and lineation parallel to the compression direction
(Z-115, 𝜎𝑝𝑒𝑎𝑘 = 790 MPa, ε = 32%) contained a high percent (~20%) of continuous micas with
silver dikes along the foliation. The grain boundaries of the relict grains are serrated throughout
the sample (Figure 5). High amounts of recrystallized grains (d = 5 µm) localize around these
mica-rich zones (Figure 6). All of the grains bend at a low angle (~15°) to the compression
direction.
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The higher-strain sample with foliation and lineation parallel to the compression direction
(Z-122, ε = 50%, 𝜎𝑝𝑒𝑎𝑘 = 550 MPa) contained three distinct zones of continuous micas which
formed a bend perpendicular to the compression direction (Figure 6). Recrystallized grains (d = 6
µm) are present throughout, but localize around the mica-rich zones (Figure 7). The relict grain’s
boundaries are elongate perpendicular to the compression direction.
The high-strain sample with foliation parallel and lineation perpendicular to the
compression direction (Z-116, 𝜎𝑝𝑒𝑎𝑘 = 1100 MPa, ε = 57%) contained a high amount (~20%) of
discontinuous micas that also form bands perpendicular to the compression direction. The grain
boundaries of the relict grains are serrated throughout the sample (Figure 5). There is a higher
percentage of recrystallized grains (d = 2 µm) near these micas as well as closer to the middle of
the sample (Figure 6). The foliation forms a bend at a high angle (~90°) to the compression
direction.
The high-strain sample with foliation parallel and lineation 45° to the compression
direction (Z-121, ε = 51%, 𝜎𝑝𝑒𝑎𝑘 = 680 MPa) contained continuous micas which formed a small
bend ~15° to the compression direction (Figure 7). Zones of recrystallized grains (d = 5 µm)
localized around the continuous mica layers. The grain boundaries are highly angular and some
quartz grains form a sigmoidal shape near the upper part of the sample (Figure 7).
2.2 Foliation not parallel to compression direction
Two experiments were performed with the foliation not parallel to the compression
direction. One cylinder was prepared with foliation and lineation 45° to the compression
direction and the second cylinder was prepared with foliation and lineation perpendicular to the
compression direction. The Young’s modulus for the sample with lineation 45° to the
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compression direction was similar to all experiments with foliation parallel to the compression
direction, but the Young’s modulus for the sample with lineation perpendicular to the
compression direction is smaller (Figure 3). The peak stress for the experiment with lineation 45°
to the compression direction is 370 MPa (ε = 52%) and strain weakens to 300 MPa when
approaching a final strain of ε = 52%. The peak stress for the experiment with lineation
perpendicular to the compression direction is 380 MPa (ε = 54%) and strain hardens when
approaching a final stress of 370 MPa.
The high-strain sample with foliation and lineation 45° to the compression direction (Z120, ε = 52%) contained zones of continuous muscovite grains with high amounts of
recrystallized grains (d = 3 µm) in these zones (Figure 4, Figure 6). The zones of recrystallized
grains and muscovite are orientated at ~45° to the compression direction. The grain boundaries
are sharp and blocky with evidence of grain boundary bulging throughout the sample (Figure 5).
The high-strain sample with foliation and lineation perpendicular to the compression
direction (Z-123, ε = 54%) contained the least amount of muscovite, all being discontinuous
(Figure 7). The grain boundaries were not as sharp and there were fewer zones of recrystallized
grains (d = 6 µm) in the sample (Figure 4, Figure 5). The overall grain size of this sample after
deformation was larger than the other experiments with an average grain size of 6-7 um.
2.3 SEM data
The SEM was used to image of Z-115, Z-122 and Z-123 to determine if any reaction had
occured between the quartz and muscovite. The EDAX was used to quantify the elemental
composition of grains in Z-115, Z-122, and Z-123. Z-115 and Z-122 were compared in order to
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recognize potential compositional differences related to differences in mechanical behavior, but
unrelated to orientation to the compression direction, as this was the same for both samples.
The secondary electron (SE) and backscattered-electron (BSE) images for all three
experiments show similar elemental compositions with no obvious evidence of phases due to
reaction between quartz and muscovite (Figure 8). For all three samples, silica, oxygen, and
carbon were most abundant, with traces of aluminum and titanium. Dark grains are quartz,
intermediate grains are muscovite, and bright grains are titanium-bearing minerals (i.g. rutile,
Figure 8). No major differences between samples were observed using the SEM images and
EDAX analysis.
2.4 EBSD data
The Moine Thrust Quartzite has a pre-existing LPO created by natural deformation
events (Law et al., 1986). The crossed girdle LPO in the starting material is consistent with what
is to be expected in a naturally deformed quartzite at greenschist-grade conditions (Law et al.,
1986). Six samples were cored at different angles to the predetermined LPO. The starting
material and the sample with foliation and lineation perpendicular to the compression direction
(Z-116) were analyzed using EBSD techniques.
The naturally created LPO has c-axes forming a crossed girdle running north to south and
a-axes forming a band of points east to west with the highest concentration parallel to lineation
(Figure 1). EBSD data for sample Z-116, with foliation parallel to the compression direction and
lineation perpendicular to the compression direction, indicate the recrystallized grains form an
LPO similar to that of the starting material. The EBDS data also indicate a second high
concentration of points with c-axis orientations 45° to the compression direction (Figure 9).
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2.5 Water content
FTIR analyses of the samples were conducted to determine the water content for each
experiment. Peaks due to muscovite were subtracted from the spectrum in order to determine the
quartz concentration of free H2O in fluid inclusions in grains. All samples had similar peaks in
absorbance at around 3400 cm-1 as well as a broad band of absorbance from 3000-3700 cm-1 for
OH- (Figure 10). The total absorption from quartz at 3000-3700 cm-1 was measured and water
content was then calculated using the calibration by Aines et al., (1984). The starting material
has a water content of 580 H/106Si5. Z-122, with foliation and lineation parallel to compression
direction at high strain, has the lowest water content (660 H/106Si5), and Z-123, with foliation
and lineation perpendicular to compression direction, has the highest water content (4010
H/106Si5) (Table 1).

3.0 Discussion

A deformed quartzite from the Moine Thrust, Scotland, with a well-defined foliation and
lineation and pre-existing LPO was deformed in uniaxial compression experiments at various
angles to foliation and lineation. Deformation at different orientations to the pre-existing LPO
resulted in a strength anisotropy in the quartzite samples, although this anisotropy is short-lived.
Experiments have a similar Young’s modulus and strain weaken to a similar final stress,
except Z-123 (Figure 3). The similarity in Young’s modulus is likely due to the nature by which
quartz deforms. All samples have the same composition and therefore should have a similar
Young’s modulus. All experiments, except Z-123, reached a different peak stress and then began
to strain weaken. This evolution in stress is consistent with recrystallization-accommodated
dislocation creep (Heilbronner and Tullis, 2002).
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3.1 Deformation Mechanism

All experiments shared similar microstructural data after deformation. Relict grains show
bulging at grain boundaries and undulatory extinction. Deformation lamellae are also evident in
the relict grains from each experiment. Recrystallization, localized near micas, is consistent
through all experiments. The average grain size of the recrystallized grains of all the samples
ranged from 2-6 um. These microstructures indicate recrystallization-accommodated dislocation
creep is the dominant deformation mechanism before strain weakening.

All samples were deformed at conditions where dislocation creep is generally the major
deformation mechanism. During deformation, dislocations can be created from pre-existing
dislocations or defects in the crystals (e.g. Frank-Reid sources). Slip planes are the preferential
plane for dislocations to move in single crystals. The slip direction is the preferred
crystallographic direction of movement of the dislocation. The combination of slip planes and
slip directions make up slip systems (Passchier and Trouw, 2005). The recrystallizationaccommodated dislocation creep microstructures present in the starting material, as well as
evidence for low temperature deformation in the crust, indicates that the primary slip system is
basal <a>. Deformation dominant on the basal <a> slip system with some contribution from the
prism <a> slip system will produce a crossed girdle LPO (Heilbronner and Tullis, 2002). The
crossed girdle LPO is the easy orientation for deformation of the quartz grains.

There may be a change in deformation mechanisms from dislocation creep to diffusion
creep after recrystallization. The reduction in grain size may push the quartz grains into the
diffusion creep regime for deformation (Fukuda, 2018). The flow laws from Fukuda (2018) and
Heilbronner and Tullis (2002) predict a strength of 210 MPa before recrystallization, where
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dislocation creep is dominant, and ~40 MPa after recrystallization, where diffusion creep is
dominant. All of the strengths of these experiments in this study (> 400 MPa) are greater than
both of these flow law predictions. However, the water content in the Moine Thrust starting
material is ~580 H/106 Si which is considerably less than the water content for the quartzite used
to determine the flow laws. Lower water content will result in increased stresses (Anderson,
2018). Although it is possible that diffusion creep may have contributed to the deformation at
such fine grain sizes, the formation of LPO is consistent with deformation by dislocation creep.

3.2 Effect of LPO on strength
The difference of the compression direction’s orientation to the LPO between all samples
may result in the development of a strength anisotropy in the quartzite. From the EBSD data for
Z-116, an evolution in orientation can be observed. All samples will likely evolve to a LPO
similar to that in the starting material. EBSD analyses indicate the starting material developed an
LPO with basal <a> (0001) [1120] being the primary slip system, with some influences of prism
<a>. Differences in orientation of the compression direction to the LPO during deformation will
affect the strength of the sample. For example, Z-120, with foliation and lineation 45° to the
compression direction, is already in a relatively easy orientation for slip on basal <a>. Therefore,
the sample will deform easily and the peak stress will be small. Z-116, with foliation parallel and
lineation perpendicular to the compression direction, is in a harder orientation to deform because
most of the a-axes are perpendicular to the compression direction. As a result, Z-116 will have a
higher peak stress than Z-120.

The pre-existing LPO causes a strength anisotropy in the quartzite after deformation but
before the experiments strain weaken. DiPuccio (2018) deformed a fine-grained (d = ~ 150 µm)
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biotite + plagioclase + quartz gneiss at various orientations to foliation and the difference in the
peak stress of the strongest and weakest experiments was ~160 MPa and all experiments strain
weakened to the same differential stress. It was determined that the orientation of the foliation to
the compression direction does not significantly affect the strength of the gneiss, and a strong
strength anisotropy will not develop. The highest peak strength was in an experiment performed
with the foliation perpendicular to the compression direction and lowest peak strength was of an
experiment with the foliation at 45° to the compression direction. DiPuccio (2018) determined
that finer-grained through-going shear zones formed in all samples, and speculated that the
strength in all samples was controlled by the shear-zone formation, which explained the strain
evolution to a common strength. The difference between the peak stress of the strongest and
weakest experiments for this study was ~730 MPa (Table 1). A relatively strong strength
anisotropy appears to develop in quartzite that contains a pre-existing LPO.

The evolution of all samples in this study to a similar final stress may be the result of a
similar evolution of mechanical properties, but via different processes. During deformation,
dynamic recrystallization will consume original grains, destroying the LPO, and a new LPO,
reflecting the new deformation conditions, will develop in the recrystallized grains (Figure 9).
The recrystallized grains in all samples will control the mechanical properties of the aggregate
and therefore evolve to a similar final stress of ~460 MPa (+/- 50 MPa) (Figure 3).

3.3 Experimental Deviation
SEM images were obtained from Z-115, Z-122, and Z-123 in order to determine if there
were measureable differences in composition between the samples. Z-115 and Z-122 were both
cored in the same orientation to the pre-existing LPO and it was hypothesized that both samples
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would have similar stress-strain curves. However, Z-115 is considerably stronger than Z-122
prior to strain weakening. Z-123 was cored with foliation and lineation perpendicular to the
compression direction and was expected to have the greatest strength. Z-123 had a peak stress of
380 MPa, which was the second smallest of all the experiments. SEM images and EDX analysis
shows consistency in the composition between all three samples and therefore the composition
does not explain the differences in strength.
Z-115 had a slightly different experimental set-up than all of the other experiments.
Nickel disks were not used at the ends of the sample in order to keep the silver disks from
penetrating the foliation planes. Silver dikes can be observed in the macrostructural overview for
Z-115 (Figure 7). The dikes may have an influence on the strength of Z-115, and because of this
the mechanical data may be unreliable. Z-122, cored at the same orientation as Z-115, included
nickel disks during assembly and have no silver dikes in the sample. For this reason, Z-122 will
be included in comparisons with other experiments from this study.

The mechanical data for experiment Z-123, with foliation and lineation perpendicular to
the compression direction, differs from all other experiments. It was hypothesized Z-123 would
be the strongest experiment because both foliation and lineation are in hard orientations to the
compression direction. However, Z-123 has a smaller Young’s Modulus and different strain
evolution, evolving to a low stress of 370 MPa (Figure 3, Table 1). The sample evolves with no
evident peak stress or strain weakening, but instead appears to be strain hardening.

The microstructural data for Z-123 indicates a low amount of recrystallization (~5%)
relative to the other experiments. The experimental set up for Z-123 may have reduced the
amount of micas in the sample. Breakage along the foliation during coring perpendicular to the
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foliation made obtaining a 10 mm long sample difficult, and instead, two smaller samples were
fashioned into a 10 mm long sample. The sample does not have the through-going muscoviterich layers present in other experiments. Recrystallized grains tend to localize around muscovite
bands in all experiments. With less muscovite present in the sample, a smaller percentage of
grains recrystallized.

FTIR analysis of each sample was used to quantify the amount of water in each
experiment. The water content ranges from 550 to 5140 H/106Si5 (Table 1, Figure 10). The
strength of quartzite is effected by the amount of water in the quartz grains (Anderson, 2018).
The higher the water content the smaller the peak stress and vice versa.
All samples were deformed with the water content collected from the outcrop. The range
in water content between samples is similar to what would be expected for a quartzite sample
being deformed naturally. Therefore, this variation in water content is not a major factor for the
differences in strength between samples. However, Z-123, with foliation and lineation
perpendicular to the compression direction, has a relatively high water content (4010 H/106Si5)
when compared to the other experiments. The peak stress for this experiment was the second
smallest at 380 MPa (Figure 3). There may be a correlation present between the high water
content and the low peak stress.
3.4 Comparison to other experimental studies
No experimental studies have been performed to deform a pre-existing LPO in quartzite,
but studies have been performed on the viscous anisotropy of olivine aggregates. Experiments
performed on olivine aggregates by Boneh and Skemer (2014) determined that a pre-existing
LPOs can cause seismic anisotropy in olivine. Boneh and Skemer (2014) deformed natural
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olivine samples with a pre-determined LPO in three orientations: foliation perpendicular,
parallel, and oblique to the compression direction. In order to determine the effect that multiple
deformation histories has on the olivine relative to the pre-existing LPO, multiple deformation
experiments were conducted on each orientation. An evolution in the LPO was observed after
each deformation experiment and an anisotropy was produced, although no mechanical data was
collected during these experiments to correlate with this evolving LPO. Although Boneh and
Skemer (2014) experimented on olivine, the strength anisotropy developed due to a pre-existing
LPO is significant enough to be compared to the strength anisotropy due to the pre-existing LPO
in the quartzite.
Quartz is found in abundance in the lower to middle continental crust and likely controls
much of the strength of the middle to lower continental crust. Deformation during interseismic
periods affects the loading of faults in the crust. Multiple episodes of deformation have been
recorded on quartz-rich rocks, which may cause viscous anisotropy or strain localization in
deformed zones with LPOs oriented for easy slip. However, our results indicate that this strength
anisotropy will be transient and unlikely to exist to high strains.

4.0 Conclusion

Uniaxial compression experiments were performed on quartzite with foliation and
lineation at different angles to the compression direction in order to determine a strength
anisotropy in samples with a pre-existing LPO. Strength anisotropy due to a pre-existing LPO is
relatively high in the samples for this study. The strength anisotropy observed may affect the
strength of rocks in the lower to middle continental crust, although this strength anisotropy may
be transient.
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